Th e last eff ective boll population (LEBP) is the basis for many cotton (Gossypium hirsutum L.) management decisions such as defoliation timing. Th e objective of this research was to determine the last eff ective boll population based on fi rst position bolls for both ultranarrow row cotton (UNRC), grown in rows spaced 25 cm or less, and conventional cotton (CONC) grown in rows spaced 96 to 102 cm. Experimental sites included locations in North Carolina, Tennessee, Mississippi, Arkansas, and Texas. At each site, UNRC and CONC plots were planted in a RCB design. At fi rst fl ower, 15 plants per plot were fl agged for subsequent fl ower tagging. On each fl agged plant, all fi rst position fl owers were tagged every 2 d throughout the reproductive stage with date and nodes above white fl ower (NAWF) data for each plant. Tagged bolls were handpicked, sorted, counted, and seedcotton was weighed and recorded by NAWF for each plot. Th e last eff ective boll population was considered that NAWF position where cotton could be economically produced. Cotton could be produced economically at NAWF 2 and 3 for UNRC and CONC, respectively. Lint yield did not diff er signifi cantly between UNRC and CONC across site-years. Th e UNRC produced the majority of seedcotton on NAWF 3 to 5, while CONC produced the most seedcotton at NAWF 4 to 6. Boll numbers showed a similar pattern. Th ese data demonstrate that physiological cutout occurred at NAWF <5 in both UNRC and CONC.
M
anagement decisions are infl uenced by a producer's evaluation of the crop status (Wanjura and Bilbro, 1977) . Th e LEBP, which consists of the last bolls that signifi cantly contribute to economic yield , is the basis for many cotton management decisions such as irrigation and insecticide termination, and defoliant application (Bernhardt et al., 1986; Larson et al., 2002; Unruh and Silvertooth, 1997) . Traditionally, cotton cutout has been defi ned as the cessation of fruiting (Patterson et al., 1978) . More recently, cutout has been defi ned by the fl owering of the LEBP . Fruit load has been shown to be the primary factor determining the initiation of cutout during a season (Ehlig and Lemert, 1973) . Cutout as a distinct physiological stage is oft en diffi cult to determine because of the time required to adequately assess boll number and fl owering rate. Th e indeterminate growth habit of cotton makes growth analysis diffi cult. Fruiting structures are present at various physiological stages on both monopodial and sympodial branches.
Furthermore, environment infl uences fruiting frequency (Mauney, 1986) .
One of the most practical methods to determine cutout is based on the number of main-stem nodes above the sympodial branch with the highest fi rst position white fl ower, or nodes above white fl ower (NAWF) . As the cotton plant matures, the addition of nodes in the plant apex slows, and then stops, due to the increased demand for assimilate required for boll maturation. Th us, fi rst-position fl owers occur progressively closer to the plant apex until fl owering ceases (Bourland et al., 2001) . Th e physiological basis for NAWF was fi rst established by relating boll weight accumulation to decline in canopy photosynthesis and NAWF. A LEBP relative to NAWF was established by comparing boll number, size, and seed number of fi rst-position bolls at diff erent NAWF in Clarkedale, AR, where cotton was grown in 102-cm rows. In these studies, boll number and weight aft er NAWF 5 decreased, and the economic value of bolls also rapidly reduced. Th is research identifi ed the LEBP as that produced at or before NAWF 5 . Th us, NAWF 5 is considered an indicator of cutout because fl owers produced aft er this time generally contribute little to fi nal yield (Bourland et al., 1997) . Furthermore, a decline to NAWF of 5 is indicative of plant maturity defi ned in terms of boll set (McConnell et al., 1995; Oosterhuis et al., 1992) .
Most cotton in the United States is grown with row spacings of 76 cm or greater. Row widths of 96 to 102 cm are typical for CONC, whereas 76 cm is considered narrow row cotton (Williford, 1992) . Th e introduction of herbicide-resistant cotton has greatly increased grower interest in production in ultranarrow rows since cultivation is not an option . Atwell (1996) defi ned UNRC row spacing as 25 cm or less. Ultranarrow row cotton is usually shorter and has fewer main stem nodes and fewer bolls per plant than CONC Clawson et al., 2006; Vories and Glover, 2006) . Row spacing aff ects values and variability of plant height, nodes, squares, and bolls; and that variability between row spacings changes with time (Wanjura and Bilbro, 1977) . For example, canopy closure may occur earlier in UNRC (Jost and Cothren, 2000) , and UNRC has been shown to partition more biomass to reproductive structures than CONC (Jost and Cothren, 2001) .
Even though UNRC occupies a small percentage of total U.S. cotton acreage, growers still need to have a useful, reliable benchmark for late-season management. Moreover, useful agronomic guidelines are needed because cotton's response to narrow rows is inconsistent, which makes management more diffi cult (Heitholt et al., 1993) . Preliminary studies of cutout in UNRC indicated that it may occur at a diff erent NAWF position than in CONC (Gwathmey et al., 1999) . Moreover, Larson et al. (2005) indicated that defoliation at 472 degreedays (base 15.6°C) past NAWF 2 compared with NAWF 5 increased lint yields by 9% for UNRC. Jost and Cothren (2001) indicated that production of fi rst position bolls on higher sympodial branches was greater for the UNRC system in certain years. Th e objective of this research was to determine the LEBP for UNRC compared with CONC grown in diverse regions of the U.S. Cotton Belt. Center, in Verona, MS. Due to missing data, 11 of these 15 siteyears were used for the fi nal data analysis. Plots of UNRC and CONC were planted in a RCB arrangement with four to six replications in each site-year. Plot size varied with location but was a minimum of 30 m long by 3.5 m wide. Cultivar selection, row spacings, and plant populations for each location are listed in Table 1 . Cultivars selected for these experiments were all early to mid-maturing (Bowman, 2004) and were well adapted for the individual regions of the study. Local extension recommendations for planting date, weed control, insect control, and plant growth regulation were used for crop management at each particular location, with both row spacings receiving the same agronomic inputs in each respective site-year.
MATERIALS AND METHODS
At fi rst fl ower, a random section of each plot row containing 15 consecutive plants was fl agged for subsequent fl ower tagging (120 to 180 plants per test). Subsequently, all fi rst position fl owers for each individual plant were tagged separately every other day throughout the reproductive stage with date and NAWF location. White fl owers were tagged with the current day's date, while pink fl owers were tagged with previous day's date. Tagging continued every other day until the last fi rstposition white or pink fl ower was tagged. One to 2 d before machine harvest, tagged bolls were handpicked, sorted according to labeled NAWF value, counted, and weighed for all the plants within a plot. First position boll size, boll number, percent of total yield, and cumulative yield from the lowest sympodial branch (usually NAWF 8) to the top of the plant (NAWF 1) were calculated from these data. Cotton was machine harvested with a spindle picker and fi nger stripper for the CONC and UNRC, respectively, at all locations for all years except for North Carolina in 2002 and Texas in 2003, where plots were hand harvested for yield calculation. Seedcotton harvested from each plot was weighed (including the weight from the 15 hand-harvested plants), and samples were ginned at all locations for lint yield calculation.
Data from hand-harvesting in this study were analyzed as a multi-location split-plot design in a RCB with four to six replications. Row spacings were considered whole plots and NAWF positions were considered subplots. For machine-harvested yields, row spacing was the only factor analyzed. All data were analyzed with PROC MIXED (SAS Institute, 2001 ) with all variables fi xed to determine possible interactions (Bednarz and Nichols, 2005) . Each site-year was treated as a different environment. Data were pooled across all environments when main effects were substantially larger than any interactions as described by Gomez and Gomez (1984) . Significant interactions of a magnitude similar to main effects were determined with row spacing and NAWF so data were analyzed again with PROC MIXED accounting for this interaction. Means of significant effects were separated using a PROC MIXED macro at P < 0.05 as described by Saxton (1998) .
Initial analysis indicated the three-way interaction of row spacing, NAWF, and environment was significant, but the row spacing and NAWF main effects were always much larger than this interaction so all environments were pooled ( Table 2) . If the main effect F value is five times larger than the interaction, all environments can be pooled for data analysis (Gomez and Gomez, 1984) . The separate analysis by row spacing and NAWF did not show large NAWF by environment interaction except for boll weight in UNRC. Boll weight in UNRC was analyzed as described by Gomez and Gomez (1984) to determine if certain locations could possibly be pooled together. Analysis revealed that when the North Carolina 2001 data were excluded for boll weight, all other environments showed no interaction, so they were pooled for analysis (Table 3) .
RESULTS AND DISCUSSION
Lint Yield and Boll Weight Across environments, machine-harvested lint yields did not diff er signifi cantly (P = 0.378) between UNRC (1140 kg ha -1 ) and CONC (1070 kg ha -1 ). Th e North Carolina 2001 data indicated heavier NAWF 1 bolls in UNRC compared with CONC, 4.4 and 2.0 g boll -1 , respectively. Th e CONC, though, had larger bolls at NAWF 4 at 4.3 compared with 3.7 g boll -1 for UNRC. For all other environments, CONC at NAWF 5 and 6 had bolls that were 0.3 and 0.4 g boll -1 heavier than bolls for UNRC. Previous research indicated no diff erences in average boll weight between CONC and UNRC (Vories and Glover, 2006) . However, Fowler and Ray (1977) reported smaller bolls at high population densities, while Clawson et al. (2006) reported smaller fi rst position bolls at nodes six to ten for UNRC.
Within-row boll population comparisons showed that boll size varies at diff erent NAWF positions in the CONC. For CONC in North Carolina (2001), NAWF 1 produced bolls that were 2.8 g boll -1 smaller than the average of all other positions, while NAWF 8 produced bolls that were 1.1 g boll -1 larger than bolls at NAWF 2, 4, and 6 (Table 3) . Th e UNRC in North Carolina showed no diff erences in boll weight. Th e combined CONC data from all other environments showed that boll weight decreases at NAWF 1, 2, and 3 (3.4, 3.7, and 4.2 g boll -1 ) compared with all other NAWF sites (4.5 to 4.9 g boll -1 ) excluding NAWF 4 (Table 3) . Boll weight for NAWF 4, 5, 6, 7, and 8 were not diff erent, which contradicts previous research that reported a dramatic decrease in boll size at NAWF less than 5 . Th e combined UNRC data from all other environments indicated that NAWF 1 and 2 (3.6 and 3.7 g boll -1 ) had smaller bolls compared with NAWF at all other fruiting positions, excluding NAWF 3, which had boll weights ranging from 4.3 to 4.8 g boll -1 . Bolls at NAWF 3 were 0.6 g boll -1 smaller than bolls at NAWF 7 and 8. Boll weights did not diff er between NAWF 4 to 8 in UNRC.
Boll Number and Seedcotton Distribution
Th e interaction between row spacing and NAWF was relatively large compared with row spacing and NAWF main eff ects for boll number and percent fi rst position yield (Table 2) , thus data were analyzed with NAWF separately and by row spacings separately for these parameters (Table 4) . Th e UNRC produced fewer bolls plant -1 at NAWF 1, 2, 6, 7, and 8 (0.09 to 0.27 bolls plant -1 ) compared with NAWF 3 to 5 (0.49 to 0.72 bolls plant -1 ) ( Table 4) . Th e CONC produced fewer bolls plant -1 at NAWF 1, 2, 3, 7, and 8 (0.06 to 0.47 bolls plant -1 ) compared with NAWF 4 to 6 (0.80 to 1.20 bolls plant -1 ). Th e CONC produced 1.20 bolls plant -1 at NAWF 5, which was more than all other NAWF positions; the UNRC produced 0.72 bolls plant -1 at NAWF 4, which was more than other NAWF positions except NAWF 3. When comparing row spacings, CONC produced more bolls plant -1 at NAWF 5 to 8 (0.21 to 1.20 bolls plant -1 ) compared with UNRC (0.09 to 0.49 bolls plant -1 ). Boll number at NAWF 1 to 3 was higher in UNRC (0.09 to 0.61 bolls plant -1 ) than with CONC (0.06 to 0.47 bolls plant -1 ). Jost and Cothren (2001) indicated that production of fi rst position bolls on higher sympodial branches 4.8Aa † Data presented separately into these two groupings due to treatment by siteyear interactions. ‡ Means within a column followed by the same uppercase letter or within a row within an environment grouping followed by the same lowercase letter are not statistically different using the PROC MIXED macro as described by Saxton (1998) at α = 0.05.
was greater for the UNRC system in certain years. Nichols et al. (2004) also indicated that diff erences in location of bolls between UNRC and CONC are not always consistent in multiple years. In regards to the entire plant, fi rst position boll number has been reported to be higher in UNRC (Jost and Cothren, 2000; Vories and Glover, 2006) . However, Nichols et al. (2004) indicated lower fi rst position boll number for a 25-cm row spacing compared with a 100-cm row spacing, but this occurred in only 1 yr of a 2-yr study.
Due to the dramatic diff erence in plant morphology between plants grown at diff erent row spacings, seedcotton distribution was widely diff erent. Th e UNRC produced a greater percentage of seedcotton per plant (65%) at smaller NAWF values of 1, 2, 3, and 4 than CONC (35%) ( Table 4) . Conversely, the CONC produced a greater percentage of seedcotton per plant (65%) at larger NAWF values of 5, 6, 7, and 8 than the UNRC (35%). Similar to boll number, the CONC and the UNRC produced the greatest percentage of seedcotton at NAWF 5 and 4, respectively.
Effective Flowering Date and Cumulative First Position Yield
Environment interactions with eff ective fl owering date and cumulative fi rst position yield were smaller than main eff ects, so data were pooled across environments (Table 2) . However, when data were pooled across environments there was a signifi cant row spacing by NAWF interaction, which was of the same magnitude as main eff ect F values. Th us, data were analyzed separately by NAWF and row spacings. Concerning eff ective fl owering date, the UNRC produced fl owers earlier at NAWF 1, 2, 3, 4, and 5 (84, 80, 75, 72 , and 70 d aft er planting) compared with the CONC (88, 85, 80, 76, and 72 d) . Sekloka et al. (2007) also indicated that higher plant densities slightly reduce eff ective fl owering dates. Moreover, Jost and Cothren (2000) reported earlier maturity in UNRC than in CONC, which was thought to result from CONC producing more main stem nodes than UNRC. Sekloka et al. (2007) also reported that eff ective fl owering time can be eff ected by varieties with relatively longer growth cycles.
For cumulative seedcotton, about 35% and 65% of the seedcotton was produced above NAWF 5 for the CONC and the UNRC, respectively. Conversely, Bourland et al. (1992) reported that insignificant amounts of cotton were produced after NAWF 5 for the CONC. This study was conducted on 'DPL 50' cotton in Clarkedale AR, before the advent of Bt cotton and boll weevil eradication, although only the Mississippi, North Carolina, and Tennessee locations, in this study, were under boll weevil eradication.
Similar to our fi ndings, a 3-yr study in the lower southeastern region of the U.S. Cotton Belt indicated that 12% (160 kg lint ha -1 ) of the total yield was produced aft er the crop reached NAWF 5 in 91-cm rows. Th is study revealed that eff ective fl owering may proceed to above NAWF 3 in CONC (Bednarz and Nichols, 2005) . Moreover, Larson et al. (2005) indicated that defoliation at 472 degreedays (base 15.6°C) past NAWF 2 compared with NAWF 5 increased lint yields by 9% for UNRC. Bednarz and Nichols (2005) noted that conditions for their study were different from the humid mid-south where Bourland et al. (1992) proposed cutout at NAWF 5 because of deteriorating fall weather and increasing insect pressure. Our study included both mid-south and southeastern production areas and had similar fi ndings to those of Bednarz and Nichols (2005) .
Th ere are several reasons why physiological cutout occurred aft er NAWF 5 in our study. One possibility for the contradictions of our regional study with that of the work conducted by Bourland et al. (1992) is that our study included diverse regions throughout the U.S. Cotton Belt, while their study was conducted only in Arkansas and may not have had much diversity in environmental factors. Environmental factors such as soil type, drought, temperature fl uctuations, cloudy weather, insects, and disease aff ect boll number, boll load, boll distribution patterns, earliness, and cutout timing (Jost and Cothren, 2000; Ehlig and Lemert, 1973; Th arp, 1960) . Bourland et al. (2001) analyzed a series of experiments including the stresses of varying levels of thrips, diff erent nitrogen rates on three cultivars, and cultivar yield evaluation with three Arkansas locations. Th ey determined that NAWF 5 as the measure of physiological cutout is a reliable indicator of environmental and cultural factors on crop development for their studies conducted from 1986 to 1994 in Arkansas.
Another explanation for this extended eff ective boll population is that contemporary cotton may have an upward shift of the fruiting profi le on the plant because of new management technologies such as the use of transgenic varieties containing genes for the expression of the d-endotoxin of Bacillus thuringiensis (Bt) to control Heliothis virescens (Fabricius). Another reason for late-season boll production may be the regional eff ects of the Boll Weevil Eradication Program control of Anthonomus Grandis Boheman. Bednarz and Nichols (2005) noted that the original data used in the development for NAWF 5 as physiological cutout were developed in Arkansas under intense late-season insect pressure.
For a cotton producer, the fi nal criterion for boll eff ectiveness is if the cotton can be produced economically. Bednarz and Nichols (2005) reported that cotton in CONC could be produced economically up to NAWF 3, but aft er this physi- Table 4 . Nodes above white fl ower (NAWF) positional effects on boll number, effective fl owering date, fi rst position seedcotton distribution, and cumulative fi rst position seedcotton from the base of the plant for conventional (CONC) and ultranarrow row cotton (UNRC) in 2001, 2002, and 0.21CDa 0.09Cb 65Ga 64Fa 5DEa 2Eb 5Fa 2Fb † DAP, days after planting. ‡ Means within a column followed by the same uppercase letter or within a row followed by the same lowercase letter are not statistically different using PROC MIXED macro as described by Saxton (1998) at α = 0.05. ological stage insecticide cost exceeded lint revenue. Based on a similar calculation of the typical insecticide cost of $20 ha -1 , a lint value of $1.35 kg -1 , the amount of lint produced at each NAWF position, and plant population (Bednarz and Nichols, 2005) , cotton could be produced economically at NAWF 2 and 3 for UNRC and CONC, respectively (Fig. 1) .
CONCLUSIONS
Ultranarrow row cotton produced the majority of seedcotton plant -1 at NAWF 3 to 5, while CONC produced the most seedcotton plant -1 at NAWF 4 to 6. Boll numbers showed a similar pattern. Based on the ability to economically produce lint, the LEBP for 11 site-years, including 3 yr and 5 states, was at NAWF 2 and 3 for UNRC and CONC, respectively. 
